Flowerlike submicrometer gold particles were synthesized through a simple one-step method using p-diaminobenzene as a reductant in the presence of poly(sodium 4-styrenesulfonate) in aqueous solution. The particle size with diameters ranging from 267 to 725 nm could be tuned by varying the molar ratio of poly(sodium 4-styrenesulfonate) to HAuCl 4 , which also resulted in tunable roughness. The gold particles were confirmed by scanning electron microscopy, energy dispersive x-ray spectroscopy, x-ray diffraction, and x-ray photoelectron spectroscopy. Cyclic voltammetry showed that the specific surface area of the flowerlike particles was larger than that of sphere particles. The obtained flowerlike particles with higher surface area also exhibited higher electrocatalytic activity toward H 2 O 2 and O 2 . The increase of electrocatalytic activity could be attributed to the increase of the active surface area.
I. INTRODUCTION
Within the past decades, the morphological control of metal nanoparticles has been the focus of intensive research in view of the potential applications related to their unique optical, electronic, and catalytical properties, which tightly depended on their size, shape, and structure. [1] [2] [3] [4] [5] [6] A variety of approaches have been developed for the size-and shape-controlled synthesis of nanospheres, [7] [8] [9] nanocubes, 10, 11 nanorods, 12, 13 nanowires, 14, 15 nanobelts, 16 nanoplates, [17] [18] [19] nanoprisms, 20 and nanotetrahexahedral. 21 Commonly used methods for the controlled synthesis used capping agents, such as ligands, 7, 22 surfactants, 23, 24 polymers, 10, [25] [26] [27] or dendrimers, 28 to confine the growth in the nanometer regime. For example, one of the most widely used methods is the reduction of tetrachloroaurate ions in aqueous solution using sodium citrate as a reducing/stabilizing agent to prepare spherical nanoparticles with diameters ranging from 10 to 150 nm. 7 The method has shown a good control over the particle size, but it is limited only to synthesize small gold nanoparticles with diameters less than 150 nm. Sun et al. 10 synthesized shape-controlled gold and silver nanoparticles using poly (N-vinyl-2-pyrrolidone) as a protective agent in ethylene glycol. The resulting silver nanocubes with edge length of 115 AE 9 and 95 AE 7 nm exhibited good monodispersity. Murphy et al. 23, 29 developed a seed-mediated growth approach to preparing gold and silver nanorods in aqueous solution, with the surfactant cetyltrimethylammonium bromide as a directing agent. Recently, Li et al. 30 synthesized quasi-monodispersed gold microspheres by decomposing and precipitating [Au(SO 3 ) 2 ] 3À under acidic condition. Guo et al. 31 reported a simple electrochemical route to synthesize diameter-controlled flowerlike gold microspheres with a diameter more than 1 mm. However, there has been only limited success in the synthesis of gold micro/nanoparticles with controllable size ranging from 250 nm to 1 mm despite the fact that these colloidal gold micro/nanoparticles may also find important applications in photonics, electronics, catalysis, surface-enhanced raman spectroscopy, and sensing. Poly(sodium 4-styrenesulfonate) is an anionic polyelectrolyte with sulfonate and used as an emulsifier, water treatment agent (dispersants, flocculation agents), sulfur-exchange resin (film), and so on. However, it was seldom reported that the PSS was used as protecting reagent in shape-controlled synthesis of gold nanoparticles.
Here, we report a one-step synthetic route to achieve flowerlike submicrometer gold particles with a narrow size distribution by using p-diaminobenzene (p-DAB) as a reductant in the presence of poly(sodium 4-styrenesulfonate) (PSS) via a simple wet-chemical approach. The PSS was used as the protecting reagent, and the molar ratio of PSS to HAuCl 4 can control the size and surface roughness of particles. Such high surface area noble metals have potential applications as catalysts or as building units for biosensors due to their catalytical activity. Other reagents were of analytical grades and used as received. All aqueous solutions were prepared with double distilled water from a Millipore-Q system (18.2 MOÁcm; Billerica, MA).
B. Synthesis of flowerlike gold particles
The 0.75 mL, 30 mM HAuCl 4 aqueous solution, and 0.4 M PSS aqueous solution with initial molar ratios of 120:1, 30:1, 15:1, and 6:1 of PSS to gold (corresponding to samples 1, 2, 3, and 4, respectively) were placed in a conical flask. The resulting solution was diluted to a 10 mL volume with water, and 0.225 mL of 0.1 M p-DAB aqueous solution was added dropwise under vigorous stirring. After stirring overnight at room temperature, the solution was centrifuged three times using water and ethanol, respectively.
C. Instruments and measurements
The morphology of the resulting precipitates was characterized with an XL 30 ESEM FEG scanning electron microscopy (Mahwah, NJ) at an accelerating voltage of 20 kV. Energy dispersive x-ray spectroscopy (EDS) was measured on a 2000XMS instrument (EDAX Inc., Tokyo, Japan). X-ray diffraction (XRD) analysis was carried out on a D/Max 2500 V/PC x-ray diffractometer using Cu K a (40 kV, 30 mA) radiation. X-ray photoelectron spectroscopy (XPS) analysis was carried out on an ESCALAB MK II x-ray photoelectron spectrometer (East Sussex, UK), with Mg as the excitation source. Cyclic voltammetric (CV) measurements were performed in a conventional three-electrode cell with gold particles modified glassy carbon (GC) electrodes (3 mm) or a bare gold electrode (3 mm) as the working electrode, a platinum wire as the auxiliary electrode, and an AgjAgCl (saturated KCl) as reference at a CHI 660 electrochemical workstation (CHI, Bee Cave, TX).
III. RESULTS AND DISCUSSION
The morphology of the flowerlike gold particles (sample 4, PSS to gold of 6:1) was investigated. Figure 1(a) shows a low magnification SEM image of this sample. It can be seen that quasi-monodispersed flowerlike gold particles with a mean diameter of (725 AE 50) nm are formed. Structural details are revealed by the high magnification SEM pictures [Figs. 1(b) and 1(c)]. It can be seen that the gold particles are composed of aggregated gold nanoclusters and thus exhibit a quite high surface area. The chemical composition of gold particles was determined by EDS. The EDS spectrum [ Fig. 1(d) ] with only one main peak corresponding to Au 0 (two low intensity peaks around the main gold peak originated from Au, which were caused by different energy level differences of the gold atom), revealed that these gold submicrometer spheres were pure metallic Au.
XRD analysis was used to characterize the chemical composition and crystal structure of the flowerlike particles. A typical XRD pattern is shown in Fig. 2(a) (111) to (200) diffraction line is higher than the 1.9 of the standard diffraction of gold powders, indicating that the deposited gold structure has the tendency to grow with the surfaces terminated by the lowest energy (111) facets. To further confirm the formation of metallic Au, valence state of Au was also identified by XPS. Figure 2 (b) shows the XPS spectrum of the resulting sample (the same sample as shown in Fig. 1 , PSS to gold ratio of 6:1). It was found that the Au 4f 7/2 peak appears at a binding energy of 83.6 eV, and the Au 4f 5/2 peak at 87.3 eV. These observations clearly confirmed the formation of metallic gold after this reaction. 35 It was also found that the size and the surface morphology of the gold particles were significantly influenced by the molar ratio of PSS to HAuCl 4 . As shown in Fig. 3 , when the molar ratio of PSS to HAuCl 4 is 120 to 1 (sample 1), the smooth gold particles with diameters of (270 AE 60) nm were formed [ Fig. 3(a) ]. Decreasing the molar ratio of PSS to HAuCl 4 to 30:1, the slightly rough gold particles with diameters of (333 AE 50) nm were obtained [ Fig. 3(b) ]. When the molar ratio of PSS to HAuCl 4 decreased to 15:1, flowerlike gold particles with obviously rough surface were observed, while their size increased to (568 AE 50) nm [ Fig. 3(c) ]. If the molar ratio of PSS to HAuCl 4 decreased further to 6:1, the flowerlike gold particles with a much rougher surface and diameters of (725 AE 50) nm resulted [ Fig. 3(d) ]. As mentioned previously, the amount of PSS during the preparation played a vital role, adjusting the morphology of the resulting particles. Without addition of PSS in the solution, the gold particles with a narrow size distribution would not be obtained, irregular nanoparticle aggregates would be the result, as shown Fig. 4 . Therefore, the PSS is vital for controlling the morphology of gold particles. However, the detailed formation mechanism of the micronanospheres in this synthesis is not very clear at the present time and needs further study.
To obtain surface information of gold particles, CV measurements (Fig. 5) were used for estimating the specific surface area of the sphere and flowerlike particles in 0.5 M H 2 SO 4 . 36, 37 Compared to bare gold electrode, the gold nanoparticles modified GC electrode showed high redox currents of gold surface, which indicated that specific surface areas of gold particles were much larger than bare gold electrode. The surface area of the Au nanoparticles loading on GC electrode (the loading amount of the samples were the same at 150 mg) can be estimated on the basis of the amount of charge consumed during the reduction of the Au surface oxide monolayer:
where Q H is the total charge of the reduction of the Au surface oxide monolayer, v is the scan rate, I R and I B are the reduction current and background current of Au oxide monolayer, and E is the potential. 38 in which C and m are units of charge and length, respectively. The active specific surface areas (S) can be obtained from
The results are presented in Table I . The specific surface area of gold particles increased from sample 1 to 4, which might result in a higher turnover for heterogeneous catalytic reactions or electrochemical reactions. Therefore, smooth gold particles (sample 1), slightly rough particles (sample 2), and flowerlike particles (sample 4) were deposited onto GC electrodes, respectively (where the loading amount of the samples was the same at 150 mg), and their electrocatalysis toward H 2 O 2 and O 2 was also examined. Figure 6(a) shows the CVs for H 2 O 2 at sample 1, sample 2, and sample 4 modified GC electrodes. The oxidation and reduction potentials toward H 2 O 2 occurred at 0.67 and 0.2 V, respectively. Compared to CVs at the smooth particles and slightly rough particles modified electrodes, flowerlike particles modified electrode had the more obvious catalytic currents and earlier onset potentials in the process of both oxidation and reduction toward H 2 O 2 . From the curves shown in Fig. 6(b) , it can also be observed that the reduction current becomes larger with an increase of surface roughness and the reduction potential of flowerlike particles for O 2 started at approximately 0.05 V, which is quite earlier than sphere particles. The increase of electrocatalytic activity from sample 1 to 4 could be attributed to the increase of the active surface area. Compared to gold nanopillar array electrode, 39 the flowerlike gold particles exhibited more positive reduction potential toward H 2 O 2 and O 2 .
IV. CONCLUSION
In summary, flowerlike submicrometer gold particles with narrow size distribution have been prepared via a simple wet-chemical approach in aqueous solution at room temperature. The size and the surface roughness of the resulting gold particles can be controlled by adjusting the molar ratio of PSS to HAuCl 4 . Flowerlike gold particles with high active surface area exhibit good electrocatalysis toward H 2 O 2 and O 2 than other sphere particles, which shows potential for applications such as catalysts or building units for further fabrication of biosensors. 
